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ABSTRACT 

We present here a new set of evolutionary population synthesis models for template galaxies 
along the Hubble morphological sequence. The models, that account for the individual evo- 
lution of the bulge, disk, and halo components, provide basic morphological features, along 
with bolometric luminosity and color evolution (including Johnson/Cousins, Gunn g,r,i, and 
Washington C, M, Ti, T 2 photometric systems) between 1 and 15 Gyr. Luminosity contribu- 
tion from residual gas is also evaluated, both in terms of nebular continuum and Balmer-line 
enhancement. 

Our theoretical framework relies on the observed colors of present-day galaxies, coupled 
with a minimal set of physical assumptions related to SSP evolution theory, to constrain the 
overall distinctive properties of galaxies at earlier epochs. A comparison with more elaborated 
photometric models, and with empirical sets of reference SED for early- and late-type galaxies 
is accomplished, in order to test output reliability and investigate internal uncertainty of the 
models. 

The match with observed colors of present-day galaxies tightly constrain the stellar 
birthrate, b, that smoothly increases from E to Im types. The comparison with observed SN 
rate in low-redshift galaxies shows, as well, a pretty good agreement, and allows us to tune 
up the inferred star formation activity and the SN and Hypernova rates along the different 
galaxy morphological types. Among others, these results could find useful application also to 
cosmological studies, given for instance the claimed relationship between Hypernova events 
and Gamma-ray bursts. 

One outstanding feature of model back-in-time evolution is the prevailing luminosity 
contribution of the bulge at early epochs. As a consequence, the current morphological look 
of galaxies might drastically change when moving to larger distances, and we discuss here 
how sensibly this bias could affect the observation (and the interpretation) of high-redshift 
surveys. 

In addition to broad-band colors, the modeling of Balmer line emission in disk-dominated 
systems shows that striking emission lines, like Ha, can very effectively track stellar birthrate 
in a galaxy. For these features to be useful age tracers as well, however, one should first assess 
the real change of b vs. time on the basis of supplementary (and physically independent) 
arguments. 
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1 INTRODUCTION 

Since its early ap p lications to extragalactic studies 
ISpinrad & Tavloj 1 197 it ITinslev & Guiir] Il978l) . stellar popu- 
lation synthesis has been the natural tool to probe galaxy evolution. 
The works of Searle et al. 1 1973) and Larson) J 19751) provided, in 
this sense, a first important reference for a unitary assessment of 
spectrophotometric properties of early- and late-type systems in 
the nearby Universe, while the contribution of iBruzual & Kronl 
1 1980\ lLillv&Longaid <1984l) . lYoshii & Takahadl 19881) . among 



others, represent a pionering attempt to extend the synthesis 
approach also to unresolved galaxies at cosmological distances. 

In this framework, color distribution along the Hubble se- 
quence has readily been recognized as the most direct tracer for 
galaxy diagnostics; a tight relationship exists in fact between in- 
tegrated colors and morphological type, through the relati ve con- 
tribution of bulg e and disk stellar populations I Koppe n~& Arimotol 
ll99Ct l Arimoto & Jablonka 1991). Ongoing star formation, in par- 
ticular, is a key mechanism to modulate galaxy colors, especially 
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at short wavelength jLarson & Tinslevl 1 19781 : iKennicutJ 1 19981) . 
while visual and infrared lumi nosity are better sensit i ve to the 
globa l star formation history iouirk & Tinslevl 1 19731 : [^andaee 
1986; Gavazzi & Scodegaio 1996). External environment condi- 
tions could also play a role, as well as possible interactions of 
galaxi es with emb edding gi ant haloes, like in some CD M schemes 
feirmani & Tutukovll99all994lPardi & Ferrinll994l) . 

In this work I want to try a simple heuristic approach to galaxy 
photometric evolution relying on a new family of theoretical tem- 
plate models to account for the whole Hubble morphological se- 
quence. Galaxy evolution is tracked here in terms of the individual 
history of the composing sub-systems, including the bulge, disk and 
halo; the present discussion complete s the analy sis already under- 
taken in an accompanying paper I Buzzoni 2002, hereafter Paper I), 
and relies o n the evolutionary pop ulation synthesis code developed 
previously lBuzzonj[l989l 1995, hereafter B89 and B95, respec- 
tively). 

A main concern of this work is to provide the user with a quick 
reference tool to derive broad-band colors and main morphological 
parameters of galaxies allover their "late" evolutionary stages (i.e. 
for t > 1 Gyr). This should be the case for most of z < 3 systems, 
for which the formation event is mostly over and the morphological 
design already in place. 

Within minor refinements, t he present set of models has al- 
ready been successfully used by Massarotti et al. 1 2001) in their 
photometric study of the Hubble Deep Field gal axies; a further ap- 
plication of these templates is also due to lBuzzoni et alJ f2005l) . to 
assess the evolutionary properties of the planetary nebula popula- 
tion in bright galaxies and the intracluster medium. Compared to 
other more "physical" (and entangled) approaches, I believe that 
a major advantage of this simplified treatment is to allow the user 
maintaining a better control of the theoretical output, and get a di- 
rect feeling of the changes in model properties as far as one or more 
of the leading assumptions are modified. 

Models will especially deal with the stellar component, which 
is obviously the prevailing contributor to galaxy luminosity. Resid- 
ual gas acts more selectively on the integrated spectral energy dis- 
tribution (SED) by enhancing monochromatic emission, like for the 
Balmer lines. As far as galaxy broad-band colors are concerned, in 
the present age range, its influence is negligible and can be treated 
apart in our discussion. Internal dust could play, on the contrary, a 
more important role, especially at short wavelength (A < 3000 A). 
Its impact for high-redshift observations has been discussed in 
some detail in Paper I. 

In this paper we will first analyze, in Sec. 2, the basic com- 
ponents of the synthesis model, taking the Milky Way as a main 
reference to tune up some relevant physical parameters for spiral 
galaxies. A set of color fitting functions is also given in this sec- 
tion, in order to provide the basic analytical tool to compute galaxy 
luminosity for different star formation histories. 

Model setup is considered in Sec. 3, especially dealing with 
the disk physical properties; metallicity and stellar birthrate will be 
constrained by comparing with observations and other theoretical 
studies. In Sec. 4 we will assemble our template models, providing 
colors and other distinctive features for each galaxy morphological 
type along the Hubble sequence, from E to Im. A general sketch 
of back-in-time evolution is outlined in this section, focussing on 
a few relevant aspects that deal with the interpretation of high- 
redshift data. Section 5 discusses the contribution of the residual 
gas; we will evaluate here the nebular luminosity and derive Balmer 
emission-line evolution. The main issues of our analysis are finally 
summarized in Sec. 6. 



2 OPERATIONAL TOOLS 

Our models consist of three main building blocks: we will con- 
sider a central bulge, a disk, and an external halo. It is useful to 
track evolution of each block individually, in terms of composing 
simple stellar populations (SSPs), taking advantage of the powerful 
theoretical formalization by Tinslev ( 1980) and R enzini & Buzzoni 

EH. 

If SSP evolution is known and a star formation rate (SFR) can 
be assumed vs. time, the general relation for integrated luminosity 
of a stellar system is 



L ga i(t)= / Lssp(t) SFR{t~r)dT. 



(1) 



Operationally, the integral in eq. is computed by discrete time 
steps, At, taking the lifetime of the most massive stars in the initial 
mass function (IMF), t m in, as a reference, so that At — t m in- 

In a closed-box evolution, gala xy SFR i s expected to be a 
decre asing function of time (e.e. lTinslevlll980tlArimoto & Yoshiil 
1986); on the other hand, if fresh gas is supplied from the external 
environment, then an opposite trend might even be envisaged. One 
straighforward way to account for this wide range of evolutionary 
paths is to assume a power law such as SFR = K t~ v , with rj < l. 1 

As we pointed out in Paper I, an interesting feature of this 
simple parameterization is that stellar birthrate, 



. SFR(t) . 



(2) 



is a time-independent function of SFR and becomes therefore an 
intrinsic distinctive parameter of the galaxy model. 2 



2.1 SSP evolution 

In order to properly apply eq. Q to the different evolutionary cases, 
we need first to secure its basic "ingredient" by modeling SSP lu- 
minosity evolution. The original set of B89 and B95 population 
synthesis models, and its following upgrade and extension as in Pa- 
per I, especially dealt with evolution of low- and intermediate-mass 
stars, with M < 2 Mq and main sequence (MS) lifetime typically 
greater than 1 Gyr. As a striking feature in this mass range, red gi- 
ant branch sets on in stars with a degenerate Helium core, tipping at 
high lumin osity (log L/Lp, ~ 3.3) with the so-called Helium-flash 
event lSweigart & Gross! <1978h . 

For younger ages (i.e. t < 1 Gyr), evolution is less univo- 
cally constrained, as convection and mass loss via stellar winds 
(both depending on metallicity) sensibly modulate the evolution- 
ary path of high-mas s stars across th e H-R diagr am on time scales 
as short as ~ 10 6 yr Jde Loorell983:lMaeder & Contill994h . Such 
a quicker Post-MS evolution could also lead to a biased sampling 
of stars in the different phases, even at galaxian mass-scale, induc- 
ing intrinsic uncertainties in the SSP spectrophotometric properties 
ind ependently of the input physics details (see lCervino et all2002l 
and Cervino & Valls-Gabaud 2003, for a brilliant assessment of this 
problem). 



1 In our notation it must always be t i m i n as, in force of eq. Q, gas 
consumption proceeds over discrete time steps corresponding to the lifetime 
of high-mass stars. 

2 As SFR must balance the net rate of change of the residual gas [i.e. 
SFR(t) = -g(t)l then SFR(t) = (Ag/t) (1 - rj) and (SFR) = 
t' 1 J SFRdr = Ag/t. Stellar birthrate b = (1 - rj) can therefore be 
regarded as an "efficiency factor" in the gas-to-star conversion. 
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Figure 1. Upper plots of each panel: luminosity evolution of present SSP models (solid dots), for solar metallicity and Salpeter IMF, is compared with other 
theoretical outputs according to Leitherer et al. 1 1999, open dots), Bressan et al. 1 1994, dashed line), and Bruzual & Chariot 12003, solid line). Total mass is 
scaled to Mggp = 10 Mq throughout, with stars in the range between 0.1-120 Mq. The Leitherer et al. 1 1999) model has been slightly increased in 
luminosity (by about 0.06 mag in bolometric, at 1 Gyr) to account for the missing luminosity contribution from low-MS stars (M* ^1.0 Mq). 
Lower plots of each panel: model residuals with respect to the fitting functions of TablefTI See text for discussion. 



A combined comparison of different SSP models, over the full 
range of stellar masses, is displayed in Fig.Q w here we m atched 
our SSP model sequence for solar metallicity an d lSalpeteiHl955t) 
IMF w i th the correspo nding theor etical output fro m Leither er et alJ 
1 1999). iBressan et alJ Jl994h and lBruzual & Chariot! <2003l their 
"Padova 1994" isochrone setup). Luminosity in the Johnson U, V, 
K bands, and in bolometric as well, is explored in the four panels 
of the figure, referring to evolution of a 10 11 Mq SSP, with stars 
in the range 0.1 ^ M*/M® 120. To consistently compare with 
the other outputs, the Leitherer et al. models have been slightly in- 
creased in luminosity (by some Amag = —0.06 in bolometric at 1 
Gyr) to account for the missing low-MS (M* < 1 Mq) contribu- 
tion, according to the B89 estimates. 

FigureQshows a remarkable agreement between the four the- 
oretical codes; in particular, ultraviolet and bolometric evolution 
is fairly well tracked over nearly four orders of magnitude of SSP 
age. The lack of AGB evolution in the lLeitherer et alJ ( 1999) code 
is, however, especially evident in the K plot, where a glitch of 
about 1 mag appears at the match with our model sequence about 
t ~ 1 Gyr. To a lesser extent, also the A'-band contribution of red 
giant s tars seems to be partly undersized in the lBruzua l & Chariot 
(2003) models between 10 8 and 10 9 yrs, probably be due to inter- 



polation effects across stellar tracks in the relevant range of mass 
(i.e. M, =5^2 M ). 

Definitely, SSP evolution ap pears to be best tra cked by 
the isochrone-synthesis models of IBressan et alJ ll994l) : like in 
our code, these models meet the pre scriptions of the so-called 
"Fuel Consumption Theorem" (Renzini & Buzzoni 1986), and self- 
consistently account for the AGB energetic budget down to the on- 
set of the SN II events (about t ~ 10 8 yr). In any case, as far as 
early SSP evolution is concerned, a combined analysis of Fig.Q 
makes clear the intrinsic uncertainty of the synthesis output in this 
particular age range, mainly as a result of operational and physical 
differ ences in the treatment of Post-MS evolution (cf . Chari ot et alJ 
1996, for further discussion on this subject). 

2.2 SSP fitting functions 

Model setup, like in case of composite stellar populations accord- 
ing to eq. Q, would be greatly eased if we could manage the prob- 
lem semi-analytically, in terms of a suitable set of SSP magnitude 
fitting functions. An important advantage in this regard is that also 
intermediate cases for age and/or metallicity could readily be ac- 
counted for in our calculations. 

For this task we therefore considered the B89 and B95 orig- 
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Table 1. SSP magnitude fitting functions^ 
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[Fe/H])lc 
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( a ) For a Salpeter IMF with stars in the mass range 0.1 ^ M /Mq ^ 120. 

0>) log / = -0.4 mag + log/ . For the bolometric: logL/L = -0.4 (Bol - 4.72). 



inal dataset of SSP models (and its further extension, as in Pa- 
per I), with Salpeter IMF and red horizontal branch morphol- 
ogy (cf. B89 for details). In addition to the original Johnson 
photometry, we also included here the Cousins (Rc,Ic), Gunn 
( g . r, i), and Was h ington (C, M, Ti, T2) b and systems. The work s 
of lBesselll <1979h.lThuan & Gunnl <197rj) . ISchneider et alj <1983l) . 
and lCanterndJl976h have been referred to for the different system 
definition (see also Cellone & Forte 1996, for an equivalent cali- 
bration of the Washington colors based on the B89 models). Our 
analysis will therefore span a wide wavelength range, from 3600 A 
(U band), to 2.2 /im (K band), sampling SSP luminosity at roughly 
AA ~ 400 A steps in the spectral window between 3600-9000 A. 

For SSP magnitude evolution, a general fit was searched for in 
the form 

mag = (a'+a" [Fe/H]) logf 9 ±/3 [Fe/H]± 7 ±5(t 9 , [Fe/H]),(3) 

where tg is SSP age, expressed in Gyr. The whole set of the fitting 
coefficients is summarized in TableQ(columns 4 to 8); note that the 
U magnitude scale in the table already accounts for the corrections 
devised in B95. Column 2 of the table reports the effective wave- 
length for each photometric passband, as directly computed from 
the adopted filter profile. 

Mass scaling for the SSP fitting functions in Table Q can be 
done by adding to all magnitudes an offset 

Amag = -2.5 log M tot + 2.5 Iog(M/L v )is, (4) 

where both SSP total mass and the V-band mass-to-light ratio (esti- 
mated at t — 15 Gyr) are in solar units. A quite accurate fit (within 
a ±1.5% relative scatter) for the latter quantity over the metallicity 
range of our models is: 

= 3.23 ([Fe/H] + 1.5) 2 + 6.41. (5) 

V L v J 15 



Again, the fit holds for stars in the range 0.1-120 Mq and a 
Salpeter IMF. 

The whole set of fitting functions in TableQis optimized in the 
range [Fe/H] = [—1.5, ±0.5]. For t ^ 1 Gyr, model grid is fitted 
with an internal accuracy better than ±0.02 mag, slightly worsen- 
ing in the ultraviolet, as repor ted in column 9 of the table. 

The re sidual trend of th elLeithe rer et alj ll999l) . lBressan et"aH 

Jl994l) and lBruzual & CharloJ <2003l) SSP models with respect to 
our fitting functions is displayed in the lower plot of each panel 
of Fig.Q Reference equations give a fully adequate description of 
SSP luminosity evolution well beyond the nominal age limits of 
our model grid, and span the whole range of AGB evolution, for 
t ^ 10 8 yr. At early epochs, of course, fit predictions partially miss 
the drop in the SSP integrated luminosity, when core-collapsed evo- 
lution of high-mass stars ends up as a SN burst thus replacing the 
standard AGB phase (we will return on this important feature in 
Sec. 4.1). As far as composite stellar populations are concerned, 
however, the induced uncertainty of fit extrapolation on the total 
luminosity of the system is much reduced since eq. Q averages 
SSP contribution over time. 3 



3 For the illustrative case of a SFR constant in time, from our calcula- 
tions we estimate that the effect of the "AGB glitch" in the first 10 s yr of 
SSP evolution, with respect to a plain extrapolation of Table 1 fitting func- 
tions, reflects on the integrated colors of the composite stellar population by 
A(B — V) ~ A(V-K) < 0.06 mag for 1 Gyr models. In terms of abso- 
lute magnitude, the luminosity drop amounts to a maximum of ~ 0.25 mag 
in the K band, at 1 Gyr (and for r) = 0), reducing to a AK ~ 0.1 mag 
for 15 Gyr models. All these figures will further reduce at shorter wave- 
length and when SFR decreases with time (i.e. for r\ > 0); they could be 
taken, therefore, as a conservative upper limit to the internal uncertainty of 
our models. In any case, in this work we will restrain our analysis only to 
galaxies older than 1 Gyr. 
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Figure 2. The adopted red/infrared calibration for the S/T morphological 
parameter, defined as ^spheroid/^tot (• markers), as derived from the data 
of Kent (1985; o markers), de Jong (1996; reversed "Y" markers), Giova- 
nardi & Hunt (1988; □, A and * markers for later-type spirals at T ~ 5), 
and Moriondo et al. (1998; A and □ markers for early-type spirals, about 
T ~ 2). Photometric bands of observations are labeled top right in the plot. 



3 MODEL SETUP: THE BASIC BUILDING BLOCKS 

To consistently assemble the three main building blocks of our syn- 
thesis models we mainly relied on the lKentl \ 19851) galaxy decom- 
position profiles, that probe the spheroid (i.e. bulge+halo) vs. disk 
luminosity contribution at red wavelength (Gunn r band). Kent's 
results substantially match also the near-infrared observatio ns (see 
Fig. |2j, while B luminosity profiles ISimien & de Vaucouleursl 
1986) tend in general to show a slightly enhanced disk component 
in later-type spirals, as a consequence of a bluer color with respect 
to the bulge. 

For each Hubble type we eventually calibrated a morpholog- 
ical parameter defined as S/T = L(spheroid)/L(tot). As the S/T 
calibration does not vary much at visual and infrared wavelength, 
we fixed the / luminosity as a reference for model setup. This also 
fairly traces the bolometric partition (cf. the corresponding fitting 
coefficients of Table 0, especially for early-type spirals. Accord- 
ing to the observations, the luminous mass of the disk remains 
roughly constant along the Sa-Im seque nce, whil e bulge luminos- 
ity decreases toward s later-type spirals ISimien & de Vaucouleursl 
ll983llGavazzill993l) . 



3.1 The spheroid sub-system 

There is general consensus on the fact that both the halo and bulge 
sub-systems in the Galaxy basically fit with coeval SSPs older 
than ~ 13 Gvr iGilmore et alJll99ri lRenzinilll99l iFroeelll 19991: 
iFeltzing & Gilmoral200fJ) . Observations of the central bulge of 
the Milky Way sho w that it mostly consists of metal-rich stars 
iFrogell 19881 1 19991) and this seems a quite common situation also 
for external ga laxies jjablonka et al. 1996; Goudfrooii et al. 1999; 
Davidge 2001). The exact amount of bulge metallicity, however, 
has been subject to continual revision in the recent years, rang- 
ing from a marked m e tal overabundance (i.e. [Fe/Hl ~ +0.2; 
Whitford &Richlll983l lRichlll99(l iGeisler & Friell 19921) to less 
prominent values, actually consisten t with a standard or even 
slightly sub-solar metallicity flTede et alJl995tlSadler et aljl996t 
IZoccali et alj2003HOriglia & Richl2005l) . 

On the contrary, the halo mostly consists of metal-poor stars 
lZinnlll980t ISandage & Fout3 Il987t) . and its metallicity can be 



probed by means of the globular cluster environment. From the 
compl ete compilation of 149 Galactic globular clusters by iHarrisl 
( 1996), for instance, we derive a mean [Fe/H] = —1.24 ± 0.56, 
with clusters spanning a range —2.3 < [Fe/H] < 0.0. This figure is 
in line with the inferred metallicity distribution of globular cluster 
systems in external galax ies jBrodiej^Iuchnj^>9lt lDurTell et alJ 
ll996tlPerrett et alJ2002llKissler-Patig et all2005l) . 

According to the previous arguments, for the spheroid com- 
ponent in our models we will adopt two coeval SSPs with [Fe/H] = 
+0.22 and —1.24, for bulge and halo, respectively. 4 Once account- 
ing for metallicity, via eq. J5J and Tab le 1, the standar d halo/bulge 
mass ratio for the Milky Way (e.g. Sandage 1987; iDwek et alJ 
1995) translates into a relative bolometric luminosity 



L 



bulge 



= [15% : 85%]. 



(6) 



This partition will be adopted throughout in our models and 
provides a nearly solar luminosity-weighted metallicity for the 
spheroid system as a whole. 



3.2 The disk 

To set the disk distinctive parameters we need to suitably con- 
strain stellar birthrate b (or, equivalently, the SFR power-law index, 
rj), and mean stellar metallicity along the Hubble morphological 
sequence. This could be done relying on the observed colors of 
present-day galaxies. In our analysis we will assume a current age 
of 15 Gyr. 

The most exhaustive collection of phot ometric data for local 
galax ies definitely remains the RC3 catalog Ide Vaucouleurs et alJ 
1991). Ba s ed on the original database of over 2500 objects, 
iButa et ail 1 1994b carried out a systematic analysis of the opti- 
cal color distribution. Another comprehensive compilation from 
the RC3-UGC catalogs (1537 galaxies in total) is that of 
iRoberts & Havnesl 11994b . Both data samples have been exten- 
sively discussed in Paper I; their analysis shows that a l-cr color 
scatter of the order of ±0.15 mag can be devised both for the B — V 
and U — B distributions as a realistic estimate of the intrinsic spread 
within each T morphology class (cf. also lFukugita et alJll995l on 
this point). This value should probably be increased by a factor of 
two for the infrared colors. 



3.2.1 Two-color diagrams and disk metallicity 

A two-color diagram is especially suitable to constrain disk metal- 
licity. Our experiments show in fact that any change in the stellar 
birthrate will shift the integrated colors along the same mean lo- 
cus, for a fixed value of [Fe/H]. In Fig. [3] a set of disk model se- 
quences with varying metallicit y is compared with the U,B,V,K 
photo metry from the wor ks oflPencd j 19761). lAaronsonl 1:1978), 
iGavazzi etail <199ll) . and IButa et alMl994l) . We only included 
those data samples with complete multicolor photometry avoiding 
to combine colors from different sources in the literature. The theo- 
retical loci in the figure have been computed by adding to the same 
spheroid component an increasing fraction of disk luminosity, ac- 
cording to eq. and assuming a SFR with r] — —0.8. Three values 
for metallicity have been considered, namely [Fe/H] — 0.0, —0.5, 
and -1.0 dex. 

Both the (U - V) vs. {V - K) and (U - B) vs. (B - V) plots 

4 We chose to maintain a super-solar metallicity for the bulge component, 
in better agreement with the observations of external galaxies. 
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with fixed SFR power- 
ers). | Gavazzi et al] ll99 
1 1994, A). Mean colors 
play the expected locus 
index, namely r\ = — 0. 
creasingly redder colors 
stellar birthrate for later- 



distribution vs. bolometric morphological param- 
/Ltot compared with 15 Gyr m odel s equences 
law in dex. Data are from |PencgJ 119761 o mark- 
J, D). lRoberts & Havnesl <1994l •), and lButa et alj 
for ellipticals (I) are from B95. Dotted lines dis- 
for models with three different values of the SFR 
3, 0, and +0.8 plus the SSP case, in the sense of in- 
A trend is evident in the observations with a higher 
■type systems. 



Figure 3. Two-color diagrams of galaxy distribution compared with 15 Gyr 
model sequences for different values of di sk metallicity. Data are f rom 
lAaronsonl 1 1978t * markers). IPencel 1 1 976t o). iGavazzi et al] ll99ll □), 
aM lButaetalTIl994l A). Mean colors for ellipticals (the * marker in each 
panel) are from B95. In the models, a disk component is added as an in- 
creasing fraction of the total galaxy luminosity (in the sense of increasingly 
bluer colors). Long-dashed line is the theoretical locus for solar metallicity, 
while solid and dotted lines are for [Fe/ -ffjdjsk = — 0.5, and —1.0 dex, 
respectively. 

clearly point to a mean sub-solar metal content for the disk stel- 
lar component. This is especially constrained by late-type galax- 
ies, where disk dominates total luminosity. We could tentatively 
adopt [Fe/H]disk = —0.5 dex as a luminosity-weighted repre- 
sentative value for our models. As pointed out in Paper I, this 
value roughly agrees with the Milky Way stellar population in the 
sol ar neighborhoo d lEdvardsson et alJll993l) . and is in line with 
fhe lArimoto & Jablordd <199lh theoretical estimates, suggesting a 
mean luminosity-weighted [Fe/H]di s k ~ —0.3 dex for their disk- 
dominated galaxy models. The intrinsic spread of the observations 
in Fig.|3| compared with the full range of the [Fe/H] loci, indicates 
however that metal abundance is not a leading parameter to mod- 
ulate disk colors, and even a ±0.3 dex change in our assumptions 
would not seriously affect model predictions. 

5 In case of continual star formation, the luminosity-weighted "mean" 
metallicity of a composite stellar population is in general lower than the 
actual [Fe/H] value of the youngest stars (and residual gas) in turn. This 
is because of the relative photometric contribution of the metal-poor un- 
evolved component of low-mass stars, that bias the mean metal abundance 
toward lower values. 



3.2.2 Color distribution and disk SFR 

Color distribution along with the S/T morphological parameter is 
a useful tool to constrain the disk SFR. This plot is in fact bet- 
ter sensitive to the relative amount of young vs. old stars in the 
galaxy stellar population, and gives an implicit measure of the disk 
birthrate, b. Our results are summarized in Fig. [4] comparing with 
the available UBV photometry. 

Four model sequences are displayed in each panel accord- 
ing to three different values of the SFR power-law index, namely 
?? = 0.8, 0.0, -0.8 (i.e. b = 0.2, 1, 1.8) plus the case of a plain 
SSP evolution. We adopted [Fe/H]di s k = —0.5 dex throughout in 
our calculations. Both the B — V and U — B plots i ndicate, in aver- 
age, a higher stellar birthrate for later-type systems I K ennicutt et alJ 
1994). Our adopted calibration for b vs. morphological type is 
shown in Fig. 8 of Paper I. 

It is useful to compare o ur final results with the models 
of lArimoto & Jablorikl] ll99ll) . which addressed disk chemio- 
photometric evolution in dee per detail. A slightly differe nt IMF 
boundaries were adopted by lArimoto & Jablonkal ll99ll) (i.e. a 
power-law index s = 2.45 instead of our standard Salpeter value, 
s — 2.35, and a stellar mass range M* = [0.05, 60] Mq vs. our 
value of M» = [0.1, 120] M Q ), so that we had to rescale their 
original values to consistently compare with our M/L ratio. Fig- 
ure [5] shows a remarkable agreement with our results, along the 
whole late-type galaxy sequence, both in terms of integrated colors 
and stellar M/L rati o. To account for the missing luminosity of 60- 
120 Mq stars in the A rimoto & Jablonkal fT"99ll) receipt, however, 
one should further decrease the inferred M/L ratio for their models 
in Fig.|5| especially for Sc-Sd systems. 
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Figure 5. A comparison o f our disk model output (A markers) vs. the 
lArimoto & Jablonk il tl99lh original results (o markers). The V-band M/L 
ratio (in solar units) refers to the stellar mass alone (i.e. the total mass con- 
verted to stars at the age of 15 Gyr); it has been normalized consistently, 
to account for the slightly different IMF mass range and slope (see text for 
discussion). 



Table 2. Input distinctive parameters for 15 Gyr models 



Hubble Type 


6 (a) 


V 


S/T (b) 


[Fe/H] 










[halo : disk : bulge] 


E 


0.0 


SSP 


1.00 


-1.24 +0.22 


SO 


0.0 


SSP 


0.80 


-1.24 -0.50 +0.22 


Sa 


0.2 


0.8 


0.55 


-1.24 -0.50 +0.22 


Sb 


0.5 


0.5 


0.35 


-1.24 -0.50 +0.22 


Sc 


0.9 


0.1 


0.18 


-1.24 -0.50 +0.22 


Sd 


1.3 


-0.3 


0.05 


-1.24 -0.50 +0.22 


Im 


1.8 


-0.8 


0.00 


-0.50 



< a )Disk stellar birthrate 

( b ) S/T = L(spheroid)/L(tot) at red/infrared wavelength. 



4 MODEL OUTPUT 

The distinctive parameters eventually adopted for our galaxy tem- 
plates, according to the previous discussion, have been collected 
in Table |2| A synoptic summary of the main output properties for 
15 and 1 Gyr models is reported in Table [5] Compared with Pa- 
per I models, notice that we slightly revised here the bolometric 
luminosity scale as a consequence of a refined fitting function in 
Table Q We therefore predict here a lower bolometric M/L ratio 
(because of a higher Lboi value), compared to Table 3 of Paper I. 
Apart from this difference, the change has no effect on the rest of 
the model properties as bolometric luminosity is a derived quantity 
for our calculations; full consistency is therefore preserved with the 
Paper I framework. 

Template galaxy models are described in full detail in the se- 
ries of Table IA1I to IA7I of Appendix A, assuming a total mass 
M ga i = 10 11 M for the system at 15 Gyr. 6 In addition to the 
standard colors in the Johnson, Gunn and Washington photometric 
systems, also "composite" colors like (g — V) and (M — V) are 
reported in the tables in order to allow an easier transformation of 



e Throughout this paper, M ga i refers to the amount of mass converted to 
stars (that is, Af ga j = J SFRdt) and therefore it does not include residual 
gas. By definition, M ga j increases with time. 




2000 10000 20000 

Wavelength [A] 

Figure 6. Theoretical SED for 15 Gyr template models of M ga i = 
10 11 Mq along the Hubble sequence. Multicolor magnitudes have been 
converted to monocromatic flux density according to the photometric zero 
points of TableQ] The ultraviolet flux estimates at 1600, 2000, and 2800 A 
are from Paper I. 
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Figure 7. The SED for template galaxy models (connected solid dots) is 
compared with "mean" empirical spectra along the Hubble morphological 
sequence (t hick solid line). Data f or types E (the M81 case), Sbc, Scd, and 
Im are from lColeman et al]il980h . while the Sab case is from lPenceHl97dl . 
Empirical and theoretical templates are matched as labeled on each plot. 



photometry among the different systems. It could also be useful to 
recall, in this regard, that a straightforward transformation of the 
Johnson/Cousins magnitudes to the Sloan SDSS (u' , g ,r' ,i' , z') 
photometri c system c an be obtained relying on the equations set of 
iFukueita et"aTll 19961 their eq. 23). A plot of the synthetic SED for 
15 Gyr galaxies is displayed in Fig.|6|in a log-log plot. Luminosity 
at different wavelength is obtained by converting theoretical mag- 
nitudes to absolute apparent flux, according to the photometric zero 
points of TableQ(column 3). In the figure, ultraviolet magnitudes 
at 1600, 2000 and 2800 A are from Paper I. 

A comparison of our output with the empirical SED for tem- 
plate galaxies along the Hubble sequence is carrie d out in Fig.|7 
Mean reference spectra are those assembled by IColeman et al 
( 1980) for types E (the M81 case), Sbc, Scd, and Im , while the 
SED of the Sab type in the figure is from lPencd <1976l) . From the 
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Table 3. Output summary for template galaxy models at 1 and 15 Gyr 



1 Gyr | | 15 Gyr 



Hubble 
Type 


S/J (a) 


L/L (6) 
"Hot 

[halo : disk : bulge] 


[halo : disk : bulge] 


M/L( d ) 


S/T 


L/Ltot 
[halo : disk : bulge] 


M/Mtot 
[halo : disk : bulge] 


M/L 


E 


1.00 


0.15 0.00 0.85 


0.09 0.00 0.91 


0.74 


1.00 


0.15 0.00 0.85 


0.09 0.00 0.91 


6.41 


SO 


0.81 


0.12 0.19 0.69 


0.08 0.16 0.76 


0.71 


0.81 


0.12 0.19 0.69 


0.08 0.16 0.76 


6.14 


Sa 


0.66 


0.10 0.34 0.56 


0.08 0.17 0.75 


0.59 


0.52 


0.08 0.48 0.44 


0.07 0.26 0.67 


4.48 


Sb 


0.62 


0.09 0.38 0.53 


0.07 0.13 0.80 


0.53 


0.30 


0.04 0.70 0.26 


0.05 0.37 0.58 


3.06 


Sc 


0.65 


0.10 0.35 0.55 


0.08 0.08 0.84 


0.53 


0.14 


0.02 0.86 0.12 


0.04 0.51 0.45 


1.86 


Sd 


0.56 


0.08 0.44 0.48 


0.08 0.09 0.83 


0.47 


0.04 


0.01 0.96 0.03 


0.02 0.77 0.21 


1.05 


Im 


0.00 


0.00 1.00 0.00 


0.00 1.00 0.00 


0.07 


0.00 


0.00 1.00 0.00 


0.00 1.00 0.00 


0.66 



( e ) 

[Fe/H]J: j Disk colors Integrated colors [Fe/H]tot Disk colors Integrated colors 

(U-V) (B-V) (V-K) (U-V) (B-V) (V-K) (U-V) (B-V) (V-K) (U-V) (B-V) (V-K) 



E 


+0.00 








0.74 


0.66 


2.82 


+0.00 








1.38 


0.92 


3.22 


SO 


-0.09 


0.60 


0.60 


2.55 


0.71 


0.64 


2.77 


-0.09 


1.18 


0.87 


2.96 


1.33 


0.91 


3.17 


Sa 


-0.17 


0.20 


0.43 


2.34 


0.53 


0.58 


2.68 


-0.24 


0.60 


0.63 


2.70 


0.91 


0.76 


2.98 


Sb 


-0.19 


0.10 


0.38 


2.27 


0.47 


0.55 


2.66 


-0.34 


0.44 


0.56 


2.59 


0.63 


0.65 


2.81 


Sc 


-0.18 


0.01 


0.34 


2.20 


0.45 


0.55 


2.66 


-0.43 


0.34 


0.51 


2.51 


0.43 


0.56 


2.63 


Sd 


-0.21 


-0.04 


0.32 


2.16 


0.36 


0.51 


2.60 


-0.49 


0.28 


0.48 


2.46 


0.31 


0.49 


2.50 


Im 


-0.50 


-0.07 


0.30 


2.13 


-0.07 


0.30 


2.13 


-0.50 


0.24 


0.46 


2.42 


0.24 


0.46 


2.42 



( a 'Bulge+ halo luminosity fraction in bolometric 
('''Luminosity partition in bolometric 
( c 'Mass partition of the stellar component 

( d ) Stellar mass-to-light ratio of the model, in bolometric and solar units. 

( e 'Luminosity-weighted mean metallicity of the model from the bolometric, defined as [Fe/H]tot = ^+ [Fe/H]j (Lj/Ltot), with j = 1, 2, 3 for the three galaxy 
components (i.e. halo, disk and bulge). The adopted value of [Fe/H] j for each component is from TableE] 



plots one can appreciate a fully suitable match between observed 
and theoretical SED longward of the U band. Two interesting fea- 
tures, however, are worth of attention, to a deeper analysis: i) empir- 
ical templates (especially for spirals) always display a "depressed" 
ultraviolet emission, compared to the theoretical SED; ii) the Im 
empirical template more closely fits a young (~ 5 Gyr) theoretical 
model. 

As we have further discussed in Paper I, point i) is the obvious 
signature of dust in the SED of real galaxies. Although this effect 
is not explicitely taken into account in our models, it could easily 
be assessed in any ex-post analysis of the observations by adopt- 
ing a preferred shape for the attenuation curv e to correct th e data, 
like proposed , for e xample, by the studies of Calzettj] \ 19991) and 
iBruzual et alj ll988l) . In any case, as we were previously mention- 
ing, it is evident from Fig.0that dust effects only enter at the very 
short wavelength range (A < 3000 A) of galaxy SED. Finally, as 
for point ii) above, one has to recall that the Coleman et al. ref- 
erence template for the Im type relies on just one "extremely bue 
irregular galaxy" (i.e. NGC 4449). For this target, authors report, 
as integrated colors, (U-V) = -0.06 and (B — V) = 0.32, 
placing the object at the extreme blue range of the typical colors 
for irregulars (see, for instance, F ig.|3]and|4| and also the relevant 
discussion bv lFukugita et alll995l) : a younger age is therefore re- 
quired to match the observed SED for this galaxy. 



4.1 Supernova and Hypernova rates 

A natural output of template models deals with the current forma- 
tion rate of core-collapsed stellar objects. This includes types II/Ibc 
Supernovae and their Hypernova (HN) variant iPaczvfiskil 19 98) for 




0.5 1 1.5 

U-V 

Figure 8. Theoretical SN(II+Ibc) rates, singled out from eqs. ITol and 
fsl (solid line a nd do ts) are compared with the empirical estimates of 
Canpellaro et al. 1 1 999 ) (star markers) from their survey of over 10000 low- 
redshift galaxies. The U — V refers to the galaxy integrated color (corrected 
for reddening in case of observations). 



very high-mass stars. Both the SN and HN events are believed to 
generate from the explosion of single massive stars and have there- 
fore a direct link with the galaxy stellar birthrate. Hypernovae, in 
particular, have recently raised to a central issue in the inv estiga- 
tion of the extragalactic Gamma-ray bursts jNakamura etai] 2000 ; 

IWooslev & MacFavderl200ol). 

If we assume, with iBressan et alj 1 19941) . that all stars with 
M* ^ 5 Mq eventually undergo an explosive stage, and 
those more massive than 40 Mq generate a Hypernova burst 
llwamoto et alj|l9 98). then the number of SN(II+Ibc)+HN events 
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Figure 9. Upper plots in each panel: theoretical luminosity evolution for late-type galaxy models. A total stellar mass M ga i = 10 Mq is assumed at 15 
Gyr. Solid lines track bolometric magnitude, while dotted lines are for the U band, short-dashed for V, and long-dashed for the K band. The shaded area in 
each plot sketches (in arbitrary linear scale) the evolution of M ga i according to star formation history for each morphological type. 

Lower plots in each panel: the corresponding evolution of the morhological parameter S/T in the bolometric, U, V, and K bands (same line caption as in the 
upper panels). Note that S/T — + 1 at early epochs (excepting the Im model) due to the increasing bulge contribution. 



in a SSP of total mass Mssp (in solar units) and Salpeter IMF can 
be written as: 



A^SN+HN 



0.35 
1.35 



120" 



Q.l-0.35 _ 120-0 35 

0.0142 Mssp [Mq 1 ]. 



Msst 



(7) 



The expected fraction of SN(II+Ibc) relative to HN candidates, for 
a Salpeter IMF, derives as 



[N S n ■ JVhn] = [20 : 1]. 



(8) 



If disk SFR does not change much on a timescale comparable 
with lifetime of 5 Mq stars (i.e. ~ 10 8 yrs), then a simplified ap- 
proach is allowed for composite stellar populations. From eq. 
at 15 Gyr we have that SFR = b (SFR) = 6M disk /(15 x 10 9 yr), 
and the current SN+HN event rate, Ksn+hn = cWsn+hn / dt can 
therefore be written as 



flsN+HN = 0.0142 SFR = 0.0142 6/ 



Mi 



gal 



(15 x 10 9 yr)' 



(9) 



being / the stellar mass fraction of disk (see Table |3J- We could 
more suitably arrange eq. j5J in terms of bolometric mass-to-light 
ratio and total B luminosity of the parent galaxy (again, cf. Table|3| 
for the reference quantities). With little arithmetic, .Rsn+hn even- 
tually becomes 



■Rsn+hn = 0.95 6/ 



M 
Lho\ 



10 



-0.4(Bol-B+0.69) 



no' 



(10) 



In the equation, Lf is the galaxy B luminosity in unit of 10 10 I/q, 
while (Bol — B) is the galaxy bolometric correction to the John- 
son B band, derived from Tables IA3IA7I as (Bol — B) = 
(Bol - V) - (B - V). With this notation, eq. (lOj directly 
provides the SN+HN rate in the usual SNu units [i.e. I SNu = 
lSNUOOyrr^lO 10 !^)- 1 ]. 

Table [4] summarizes our results for late-type galaxies. In ad- 
dition to the theoretical event rate, we also reported in the table 
the typical timescale elapsed between two SN and HN bursts in a 
10 11 Mq galaxy. As .Rsn+hn tightly depends on SFR, it should 
correlate with galaxy ultraviolet colors; this is shown in Fig. |S| 
where a nice agreement is found with the empirical SN r ates fro m 
the recent low-redshift galaxy survey bv lCappellaro et all fi 999). 



Table 4. Theoretical SN (II+Ibc) and Hypernova rates for late-type galaxies 
at present time 



Hubble SN+HNM HN'"' 



_(f>) 
T SN-\ 



T (b) 
H N 



Type 


[SNu] 


[SNu] 


[yr] 


[yr] 


Sa 


0.52 


0.025 


194 


4100 


Sb 


1.10 


0.052 


91 


1900 


Sc 


1.50 


0.071 


67 


1400 


Sd 


1.74 


0.082 


58 


1250 


Im 


1.91 


0.090 


52 


1100 



( a )SN(II+Ibc)+HN and HN rates, in SNu units. 

(^Expected timescale between two SN or HN events in a 10 11 Mq galaxy 



4.2 Back-in-time evolution 

Theoretical luminosity evolution for disk-dominated systems in the 
Johnson U, V, K bands, and for the bolometric is displayed in the 
upper panels of Fig. [5] to each plot we also added a shaded curve 
that traces the value of M ga j vs. time. Lower panels in the figure 
represent the expected evolution of the morphological parameter 
S/T for the same photometric bands. One striking feature in the 
Sa-Sd plots is the increasing luminosity contribution of the bulge 
at early epochs (Lb u i gc oc t~°' s in bolometric, see Table [TJ . This 
greatly compensates the drop in disk luminosity (Ldisk oc t ibuige, 
from eq.Q for a constant SFR), and acts in the sense of predicting 
more nucleated (S/T — > 1) galaxies at high redshift compared with 
present-day (i.e. 15 Gyr) objects. 

This effect is shown in Fig.^| where we track back-in-time 
evolution of the morphology parameter S/T in the ultraviolet range 
(Johnson U band). Due to bulge enhancement, one sees that later- 
type spirals (Sc-Sd types) at 1 Gyr closely resemble present-day 
SO-Sa systems. 

A color vs. S/T plot, like in Fie. 1111 effectively summarizes 
overall galaxy properties at the different ages. Color evolution is 
much shallower for spirals than for ellipticals and, as expected, 
the trend is always in the sense of having bluer galaxies at ear- 
lier epochs (excepting perhaps Sd spirals) independently of the star 
formation details. Restframe colors tend however to "degenerate" 
with primeval late-type galaxies approaching the E model at early 
epochs as a consequence of the bulge brightening. 

If one does not mind evolution, all these effects could lead to 
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Figure 11. Restframe B — V color evolution, from 15 to 1 Gyr, vs. V- 
band morphological parameter S/T for galaxy models along the Hubble 
sequence. The increasing luminosity contribution of the bulge component 
back in time makes spiral galaxies at high redshift more nucleated than 
present-day homologues. For high-redshift observations this induces a bias 
toward both "spiked" and irregular systems with increasing distances (con- 
sider the .v-axis projection of the figure) and conspires against the detection 
of grand-design spirals. 

a strongly biased interpretation of high-redshift observations. For 
example, by relying on galaxy apparent colors (that is by read- 
ing Fie. II ll from the y-axis, with no hints about morphology), the 
high-redshift galaxy population might show a lack of (intrinsically) 
red objects (ellipticals?), and enhance on the contrary blue galax- 
ies (spirals?). On the other hand, if we account for apparent mor- 
phology alone (that is by reading Fig. II II from the x-axis), then 
a bimodal excess of bulge-dominated systems (S/T — > 1) and ir- 
regular star-forming galaxies (S/T ~ 0) would appear at large dis- 
tances Ivan den Bergh et al]|200Ci iKaiisawa & YamadalEooil) . In 
fact, fiducial Im systems would eventually dominate with increas- 
ing redshift due to the disfavoring effect of k-correction on el- 
lipticals, at least in the optical range. Among others, this should 
also conspire against the detection of grand-design spirals in high- 
redshift surveys (e.g. lvan den Bergh et alll99rj) . 



Figure 12. Theoretical SED for the 1 5 Gyr Im galaxy model (upper panel), 
and "mean" age, t*, of the prevailing stars in the different photometric 
bands, according to eq. 1121 (lower panel). Note that younger (and more 
massive) stars contribute, in average, to global luminosity at shorter wave- 
length. Assuming to observe this galaxy in the infrared H band at increas- 
ing distances (namely, from z = to 3, as labeled), one might be noticing 
an apparent increase in the fresh star-formation activity with redshift (and 
a correspondingly younger inferred age) just as a consequence of probing 
blue/ultraviolet emission in the galaxy restframe. 



4.3 Redshift and age bias 

The effect of redshift, and its induced selective sampling of galaxy 
stellar population with changing wavelength, has even more per- 
vasive consequences, as far as we track evolution of star-forming 
systems at increasing distances. 

According to eq. Q, the mean luminosity-weighted age of 
stars contributing to galaxy luminosity can be written as 

_ f*TLss P (T)SFR(t-T) dr 

The "representative" age of stars changes therefore across 
galaxy SED, since Lssp oc t~ a , and a depends on wavelength (cf. 
Table0. As, in our parameterization, SFR oc t~ v , then eq. jl H 
becomes 

f* r 1 -" 1 (t - r)- v dr I- a 

U = ^> = — — t. (12) 

J T- a (t - t)- 7 ! dr 2-a-r) 

In bolometric, a ~ 0.8 that is, for a constant SFR, ?» ~ 0.2 1: 
at 15 Gyr, bright stars are therefore in average ~ 3 Gyr old. As 
an instructive example, in Fig. 1121 we displayed the mean age of 
stars contributing to galaxy luminosity at different wavelength for 
our 15 Gyr Im template model. Note that the value of ?» smoothly 
decreases at shorter wavelength, reaching a cutoff about 4000 A, 
when a exceeds unity and t* coincides with the lifetime of the 
highest-mass stars in the IMF (see Paper I for the important con- 
sequences of this feature on galaxy ultraviolet SED). As a conse- 
quence, when tracking redshift evolution of star-forming galaxies 
through a given optical/infrared photometric band, one would be 
left with the tricky effect that distant objects appear to be younger 
than local homologues in spite of any intrinsic evolution. 
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Figure 13. The expected rate of Lyman photons, N^ 12 , for a Salpeter 
SSP of 10 6 Mq with stars in the range 0.1-120 Mq. O ur results (thick 
solid l ine) consistently co mpare with the starburst mode ls of lLeitherer et alj 
1 19991) (dashed line), and iMas-Hesse & Kunthl ll99ll) (solid dots). Both 
these models have been rescaled to our output by matching the number of 
stars between 60 and 100 Mq. 



5 LUMINOSITY CONTRIBUTION FROM RESIDUAL 
GAS 

In addition to the prevailing role of stars, a little fraction of galaxy 
luminosity (especially in late-type systems) is provided also by 
residual gas. Its contribution is both in terms of continuum emis- 
sion, mainly from free-bound eT transitions in the HII regions, and 
emission-line enhancement. This is the typical case of the Balmer 
series, for instance, but also some forbidden lines, like those of 
[O II] at 3727 A and [O III] at 5007 A, usually appear as a striking 
featur e in the galaxy spectrum <Kennicuttll992l Sodre & Stasinska 
Il999t) . 

The key triggering process for gas luminosity is the ultravi- 
olet emission from short-living (t < 10 7 yrs) stars of high mass 
(M* > 10 Mq), that supply most of the ionizing Lyman pho- 
tons in the H II regions. The presence of emission lines is, in this 
sense, the most direct probe of ongoing star formation in a galaxy. 
If gas is optically thin and tracks the distribution of young stars, 
then one could expect a tight relationship between the actual SFR 
(via the number of UV-emitting stars) and the strength of the Hy- 
drogen emission lines. 

For its complexity, a detailed treatment of the nebu lar emis- 
sion i s o bviously beyond the scope of this paper (see, e.g.. lStasinkal 
2000 and Magri s et all2003l for a reference discussion on this sub- 
ject). Here, we are rather interested in exploring the general trend of 
some relevant features, like the Balmer emission lines, that could 
supply an effective tool for the SFR diagnostics when compared 
with the observations. 



5.1 Nebular emission 

Our approach is similar to that of lLeitherer & Heckmanl 1 19951) . 
adopting for the gas standard physical conditions, with T = 
10 000 K and Y = 0.28 for Helium abundance (in mass). We will 
assume a full opacity to Lyman photons so that, once the photon 
rate N c ° 12 from high-mass stars can be set from the detailed synthe- 
sis model, nebular continuum derives as 



In the equation, 7(A) is the contin uum emissio n coefficient for the 
H-He chemical mix, according to lAlleJ )l984l) . and includes both 
free-free and bound-free transitions by Hydrogen and neutral He- 
lium, as well as the two-photons continuum of Hydrogen. The Hy- 
drogen recombination coefficient (according to Case B of Baker 
and Menzel 1938) is from Ost erbrokl 1 19741) and has been set to 
a s = 2.59 10" 13 cm 3 s" 1 . 

According to eq. J 1 3 1 - the nebular continuum directly scales 
with N912 so that, as a relevant output of our models, in Fig. ll3l we 
computed the expected rate of A < 912 A photons for a Salpeter 
SSP with upper cutoff mass at 120 M q . Our results c ompare con- 
sisten tly with the sta rburst models of Lei therer et alj 1 19991) . and 
IMas-Hesse & Kunthl Jl99ll) . To account for different IMF slope 
and/or stellar mass limits, comparison is made by matching our 
number of stars between 60 and 100 Mq in a 10 6 Mq SSP. The 
agreement between the models is fairly good, with a tendency of 
our SSP, however, to evolve faster given a slightly shorter lifetime 
assumed for high-mass stars (cf. Paper I for more details on the 
adopted stellar clock). 

5.2 Balmer emission-line evolution 

The equivalent width of Balmer lines has been derived via the HP 
luminosity, defined as 



L(Hp) = hv H0 ^N% 12 . 

Ob 



(14) 



For the effective recombination coefficient at T = 10 000 K we 
adopte d the value asp = 3.03 10 _14 cm 3 s _1 from lOsterbrokl 
( 1974). This eventually leads to a calibration for the HP luminosity 
such as 



L(HP) = 4.78 10" 13 JV 9 ° 12 [erg s" 1 ]. 



(15) 



This result agrees with in a 0.4% bo t h wi th the 
Leitherer & Heckmanl i 19951) and ICopetti et all 1 19861) calcu- 
lations . Balmer-line intensities, relative to HP, are from losterbrold 
1 1974, Table 4.2 therein) for the relevant value of the temperature. 

If the continuum (including both the contribution from stars 
and gas, L» and L g a S , respectively) is assumed to vary slowly with 
wavelength, adjacent to the line, then the Hp equivalent width can 
be written as 



W(H/3) = 



L(HP) 



(16) 



J 9 as(A) — -—r — Ng 12 . 

X A as 



(13) 



gas ) 

and all the other lines derive accordingly. The computed value of 
W(Hp) should be regarded of course as the net emission from 
the gas component (that is after correcting the spectral feature for 
stellar absorption). 

In Table [5] we report our final results, also summarized in 
Fig. El The upper panel of the figure displays the Balmer-line evo- 
lution for each of our template galaxy. As expected, Ha is the dom- 
inating feature, while gas emission sensibly decreases for H'y and 
H5. In addition, the onset of the galaxy bulge at early epochs works 
in the sense of decreasing line emission because of the "diluiting" 
factor L, in eq. 1 1 61 (cf. for example the diverging path of Im and 
Sd evolution in Fig. ll4i . 

In the lower panel of the same figure we computed the frac- 
tion L gas /(I/* + igas) supplied by the nebular emission to the 
galaxy continuum at different wavelength, between 4100 and 6600 
A, evaluated close to each Balmer line. As far as the galaxy broad- 
band colors are concerned, we see that nebular luminosity is almost 
negligible in our age range, and contributes at most by a few per- 
cent to the galaxy total luminosity. 
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Table 5. Balmer-line intensities for late-type galaxy templates^) 



Age 






Sa 








Sb 






Sc 






LUyrj 


ll 


11 ; 




/ / 1 > 


110 


ii ^ 


ii p 


1 1 1 y 


//A 
110 




tip 


/ / a 


1.0 


0.55 


1.63 


4.11 


13.8 


0.79 


2.33 


6.01 


20.6 


0.88 


2.59 


6.73 


23.1 


1.5 


0.56 


1.63 


4.05 


13.3 


0.84 


2.49 


6.35 


21.4 


1.03 


3.02 


7.86 


26.9 


2.0 


0.56 


1.64 


4.00 


13.0 


0.88 


2.58 


6.55 


21.9 


1.12 


3.29 


8.56 


29.3 


3.0 


0.56 


1.64 


3.93 


12.4 


0.91 


2.69 


6.76 


22.3 


1.22 


3.58 


9.36 


32.1 


4.0 


0.56 


1.64 


3.87 


12.1 


0.93 


2.75 


6.87 


22.5 


1.27 


3.73 


9.76 


33.5 


5.0 


0.56 


1.64 


3.83 


11.8 


0.95 


2.79 


6.92 


22.5 


1.29 


3.80 


9.97 


34.2 


6.0 


0.56 


1.64 


3.79 


11.6 


0.95 


2.81 


6.95 


22.5 


1.31 


3.84 


10.1 


34.5 


8.0 


0.55 


1.63 


3.73 


11.2 


0.96 


2.83 


6.96 


22.3 


1.31 


3.87 


10.1 


34.6 


10.0 


0.55 


1.63 


3.68 


10.9 


0.97 


2.84 


6.95 


22.1 


1.31 


3.86 


10.1 


34.3 


12.5 


0.55 


1.62 


3.62 


10.6 


0.97 


2.85 


6.92 


21.9 


1.30 


3.84 


9.98 


33.9 


15.0 


0.55 


1.62 


3.58 


10.4 


0.97 


2.84 


6.88 


21.6 


1.29 


3.80 


9.85 


33.3 


Age 






Sd 








Im 












[Gyr] 


HS 


H-y 


Hf3 


Ha 


HS 


Hj 


Hf3 


Ha 










1.0 


1.20 


3.54 


9.46 


33.4 


2.62 


7.71 


24.0 


99.9 










1.5 


1.43 


4.20 


11.4 


40.7 


2.42 


7.13 


21.9 


90.1 










2.0 


1.54 


4.54 


12.5 


45.0 


2.29 


6.76 


20.5 


83.2 










3.0 


1.63 


4.81 


13.3 


48.6 


2.13 


6.28 


18.7 


74.6 










4.0 


1.65 


4.87 


13.5 


49.5 


2.03 


5.98 


17.6 


69.2 










5.0 


1.65 


4.86 


13.5 


49.4 


1.95 


5.76 


16.8 


65.3 










6.0 


1.64 


4.82 


13.4 


48.8 


1.90 


5.59 


16.2 


62.3 










8.0 


1.60 


4.72 


13.0 


47.4 


1.81 


5.34 


15.3 


57.9 










10.0 


1.57 


4.64 


12.7 


45.9 


1.75 


5.15 


14.6 


54.6 










12.5 


1.54 


4.52 


12.3 


44.2 


1.69 


4.97 


14.0 


51.6 










15.0 


1.50 


4.43 


12.0 


42.7 


1.64 


4.84 


13.5 


49.4 











( a )The listed quantity is the Balmer emission-line equivalent width in A. 



One striking feature that stems from the analysis of Fig. 1141 
is the relative insensitivity of Balmer-line equivalent width to time. 
This is somewhat a consequence of the birthrate law assumed in our 
models. Actually, for the case of H(5, like in eq. 1 1 61 for instance, 
we have that L(Hf3) mainly responds to SFR , through the selec- 
tive contribution of hot stars of high mass, while the contiguous 
spectral continuum collects a much more composite piece of infor- 
mation from all stars (and it is, roughly, L* oc (SFR)); this makes 
W(Hf3) better related to b. In our framework, we could therefore 
conclude that observation of Balmer emissions certainly provides 
important clues to size up the actual star formation activity in a 
galaxy, but it will barely constrain age. 



6 SUMMARY AND CONCLUSIONS 

In this work we attempted a comprehensive analysis of some rel- 
evant aspects of galaxy photometric evolution. Colors and basic 
morphological features for early- and late-type systems have been 
reproduced by means of a set of theoretical population synthesis 
models, that evaluate the individual photometric contribution of the 
three main stellar components of a galaxy, namely the bulge, disk 
and halo. 

Facing the formidable complexity of the problem (and the 
lack, to our present knowledge, of any straightforward "prime prin- 
ciple" governing the galaxy evolution), we chose to adopt a "heuris- 
tic" point of view, where the distinctive properties of present-day 
galaxies derive from a minimal set of physical assumptions and are 
mainly constrained by the observed colors along the Hubble se- 
quence. 



One important feature of our models is that galaxy SFR is a 
natural output of the gas-to-star conversion efficiency, that we as- 
sume to be an intrinsic and distinctive feature of galaxy morpho- 
logical type (see eq.|2j- Our treatment of the star vs. gas interplay 
is therefore somewhat different from other popular approaches, that 
rely on the Schmidt law. 7 

Our results show that star formation history, as a function of 
the overall disk composition along the late-type galaxy sequence, 
appears to be a main factor to modulate galaxy photometric proper- 
ties. In general, the disk photometric contribution is the prevailing 
one in the luminosity (but not necessarily in the mass...) budget 
of present-day galaxies. Table 3 shows, for instance, that well less 
than a half of the total mass of a Sbc galaxy like the Milky Way 
is stored in the disk stars, while the latter provide over 3/4 of the 
global luminosity. 

As shown in Fig. [4] the observed colors of present-day galax- 
ies tightly constrain the stellar birthrate leading to a smooth increas- 
ing trend for b from E to Im types (cf. Table 2 and also Fig. 8 in 
Paper I). 

The comparison with observed SN rate is an immediate "acid 
test" for our models, due to the marked sensitivity of this parameter 
to the current SFR. The remarkably tuned match of our theoretical 



7 After all, even the Schmidt law is nothing more that one "reasonable" (but 
nonetheless arbitrary) assumption in the current theory of late-type galaxy 
evolution. In this respect, for instance, there has been growing evidence 
that a classical dependence such as M* oc pg as (whatever be the value 
for n) is to some e xtent inade quate for a g eneral description of the SFR 
iTalbot & Ametil975tlLarsoJl97drDopitJl985LlSil]Jl988tlWvse & Silkl 
ll989tlRvder & Dopitall994T I 



Broad-band colors and photometric properties of galaxy models 13 




10 9 10 10 10 9 10 10 10 9 10 10 10 9 10 10 

Age [yr] 

Figure 14. Expected evolution for Balmer emission and nebular luminosity from residual gas in our late-type galaxy templates. Upper panel displays the 
equivalent width of each Balmer feature along galaxy age. Lower panel is the fraction of nebular luminosity supplied to the total galaxy continuum evaluated 
at the relevant wavelength close to each Balmer line. 



output with the SN observations in low-redshift galaxies (cf. Fig.[8j 
is, in this regard, extremely encouraging. As a possibly interest- 
ing feature for future observational feedback, we give in Table 4 
also a prediction of the Hypernova event rate in late-type galaxies; 
this quite new class of stars is raising an increasing interest for its 
claimed relationship with the Gamma-ray bursts and the possible 
relevant impact of these events in the cosmological studies. 

Another important point of our theoretical framework deals 
with the fact that galaxy evolution is tracked in terms of the indi- 
vidual history of the different galaxy sub-systems. This is a non- 
negligible aspect, as diverging evolutionary paths are envisaged for 
the bulge vs. disk stellar populations. As discussed in Sec. 4.2, if 
^buigc oc t~ 0,8 in bolometric, and Ldisk oc t Lbui gc , then one has 
to expect that Lb u i gc / I/disk oc t -1 , that is the bulge always ends up 
as the dominant contributor to galaxy luminosity at early epochs. 

As a consequence, the current morphological look of galax- 
ies might drastically change when moving to larger distances, and 
we have shown in Sec. 4 how sensibly this bias could affect the 
observation (and the interpretation) of high-redshift surveys. 

In addition to broad-band colors, we have also briefly assessed 
the photometric contribution of the nebular gas, studying in par- 
ticular the expected evolution of Balmer line emission in disk- 
dominated systems. As a main point in our analysis, models show 
that striking emission lines, like Ha, can very effectively track stel- 
lar birthrate in a galaxy. For these features to be useful age tracers 
as well, however, one should first assess how b could really change 
with time on the basis of supplementary (and physically indepen- 
dent) arguments. 

As a further follow-up of this work, we finally plan to com- 
plete the analysis of these galaxy template models providing, in 
a future paper, also the evolutionary k corrections and other ref- 
erence quantities for a wider application of the model output to 
high-redshift studies. 
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APPENDIX A: SYNTHETIC PHOTOMETRY FOR 
TEMPLATE GALAXY MODELS 

We report, in the series of Tables IA1IA7I the detailed output of 
the template galaxy models for the different Hubble morpholog- 
ical types. All the models assume a total stellar mass M ga i = 
(M bulge + M disk + Mhalo) = 10 11 M© at 15 Gyr (see Footnote© 
for an operational definition of M ga i), 

Full details on the photometric systems (i.e. band wavelength 
and magnitude zero points) can be obtained from Table 1. 

Each table is arranged in two blocks of data; caption for en- 
tries in the upper block is the following: 

Column 1 - Age of the galaxy, in Gyr; 

Column 2 - Absolute magnitude of the model, in bolometric. For 
the Sun, we assume Bolg = 4.72; 

Column 3 - Bolometric correction to the Johnson V band. The 
adopted solar value is (Bol — V)q — —0.07; 
Column 4 to 10 - Integrated broad-band colors in the Johnson sys- 
tem (filters U, B, V, R, I, J, H, K); 

Lower block of data has the following entries: 

Column 1 - Age of the galaxy, in Gyr; 

Column 2 to 3 - Integrated colors in the Johnson/Cousins system 
(filters R c and J c ); 

Column 4 to 6 - Integrated colors in the Gunn system (filters g, r, i), 
with the g — V color allowing a self-consistent link to the Johnson 
photometry; 

Column 7 to 10 - Integrated colors in the Washington system (filters 
C, M, Ti, T 2 ), with the M — V color linking the Johnson photom- 
etry. 

It may also be worth recalling that a straightforward transfor- 
mation of our photometry to the Sloan SDSS photometric system 
(extensively used in recent extragalact ic studies') can b e carried out 
according to the equations set of Fuku gita et alJ il996. their eq. 23). 

To allow an easier graphical display and interpolation of the 
data, all the magnitudes and colors in Tables |A 1 1 A7I are reported 
with a three-digit nominal precision; see, however, Sec. 2 and 4 
for a more detailed discussion of the real internal uncertainty of 
synthetic photometry in our models. 

The entire theoretical database is publicly available at the au- 
thor's Web site: http://www.bo.astro.it/~eps/home.html 

This paper has been typeset from a TpX/ KTpX file prepared by the 
author. 
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Table Al. Template model for E galaxies 



Johnson 



Age [Gyr] 


Bol 


Bol-V 


U-V 


B-V 


V-R 


V-I 


V-J 


V-H 


V-K 


1.0 


-23.100 


-0.722 


0.740 


0.656 


0.698 


1.301 


1.916 


2.630 


2.821 


1.5 


-22.736 


-0.745 


0.840 


0.696 


0.725 


1.343 


1.968 


2.688 


2.882 


2.0 


-22.493 


-0.764 


0.907 


0.723 


0.744 


1.371 


2.004 


2.727 


2.923 


3.0 


-22.142 


-0.792 


1.003 


0.763 


0.771 


1.413 


2.055 


2.783 


2.983 


4.0 


-21.888 


-0.814 


1.073 


0.791 


0.791 


1.443 


2.093 


2.824 


3.027 


5.0 


-21.698 


-0.832 


1.125 


0.813 


0.806 


1.465 


2.121 


2.855 


3.059 


6.0 


-21.543 


-0.847 


1.168 


0.830 


0.818 


1.484 


2.144 


2.880 


3.086 


8.0 


-21.298 


-0.870 


1.235 


0.858 


0.837 


1.513 


2.181 


2.920 


3.128 


10.0 


-21.106 


-0.890 


1.287 


0.880 


0.852 


1.536 


2.209 


2.952 


3.162 


12.5 


-20.919 


-0.909 


1.338 


0.902 


0.867 


1.559 


2.237 


2.983 


3.194 


15.0 


-20.764 


-0.925 


1.381 


0.919 


0.879 


1.577 


2.260 


3.008 


3.221 




Cousins 




. Gunn . 






Washinatnn 




Age [Gyr] 


V-Rc 


V-I c 


g-v 


g-r 


g-i 


C-M 


M-V 


M-Ti 


M-T 2 


1.0 


0.488 


1.018 


0.154 


0.251 


0.417 


0.494 


0.230 


0.639 


1.223 


1.5 


0.508 


1.050 


0.163 


0.282 


0.460 


0.551 


0.242 


0.667 


1.269 


2.0 


0.522 


1.072 


0.169 


0.303 


0.489 


0.590 


0.250 


0.686 


1.300 


3.0 


0.542 


1.105 


0.178 


0.334 


0.531 


0.645 


0.262 


0.714 


1.345 


4.0 


0.556 


1.128 


0.184 


0.356 


0.562 


0.685 


0.271 


0.734 


1.378 


5.0 


0.567 


1.145 


0.189 


0.373 


0.585 


0.715 


0.277 


0.749 


1.402 


6.0 


0.576 


1.160 


0.193 


0.386 


0.604 


0.740 


0.283 


0.762 


1.422 


8.0 


0.590 


1.182 


0.200 


0.408 


0.634 


0.779 


0.291 


0.781 


1.454 


10.0 


0.601 


1.200 


0.204 


0.425 


0.658 


0.809 


0.298 


0.797 


1.479 


12.5 


0.612 


1.218 


0.209 


0.442 


0.681 


0.839 


0.304 


0.812 


1.504 


15.0 


0.621 


1.232 


0.213 


0.456 


0.700 


0.864 


0.310 


0.824 


1.524 



Table A2. Template model for SO galaxies 



Johnson 





;e [Gyr] 


Bol 


Bol-V 


U-V 


B-V 


V-R 


V-I 


V-J 


V-H 


V-K 




1.0 


-23.146 


-0.699 


0.710 


0.644 


0.686 


1.277 


1.881 


2.584 


2.769 




1.5 


-22.782 


-0.721 


0.807 


0.684 


0.714 


1.320 


1.934 


2.642 


2.830 




2.0 


-22.539 


-0.738 


0.872 


0.711 


0.733 


1.348 


1.969 


2.681 


2.871 




3.0 


-22.188 


-0.766 


0.966 


0.751 


0.760 


1.390 


2.021 


2.738 


2.931 




4.0 


-21.934 


-0.787 


1.034 


0.779 


0.780 


1.420 


2.058 


2.779 


2.975 




5.0 


-21.744 


-0.804 


1.085 


0.801 


0.795 


1.442 


2.086 


2.810 


3.007 




6.0 


-21.589 


-0.818 


1.126 


0.818 


0.807 


1.461 


2.109 


2.835 


3.034 




8.0 


-21.344 


-0.841 


1.192 


0.846 


0.826 


1.490 


2.146 


2.875 


3.077 




10.0 


-21.152 


-0.859 


1.243 


0.868 


0.841 


1.513 


2.175 


2.906 


3.110 




12.5 


-20.964 


-0.878 


1.293 


0.890 


0.856 


1.536 


2.203 


2.937 


3.142 




15.0 


-20.809 


-0.893 


1.334 


0.908 


0.868 


1.554 


2.226 


2.963 


3.169 






Cousins 




. Gunn . 






Washinatnn 




A{ 


»e [Gyr] 


V-R c 


V-I c 


g-v 


g-r 


g-i 


C-M 


M-V 


M-Ti 


M-T 2 




1.0 


0.480 


1.000 


0.152 


0.239 


0.398 


0.471 


0.226 


0.629 


1.204 




1.5 


0.500 


1.033 


0.161 


0.270 


0.441 


0.526 


0.239 


0.657 


1.250 




2.0 


0.514 


1.055 


0.167 


0.291 


0.470 


0.564 


0.247 


0.676 


1.281 




3.0 


0.534 


1.087 


0.176 


0.322 


0.513 


0.618 


0.259 


0.704 


1.326 




4.0 


0.548 


1.110 


0.182 


0.344 


0.543 


0.657 


0.268 


0.724 


1.359 




5.0 


0.559 


1.128 


0.187 


0.361 


0.567 


0.686 


0.274 


0.740 


1.383 




6.0 


0.568 


1.142 


0.191 


0.375 


0.586 


0.711 


0.279 


0.752 


1.403 




8.0 


0.582 


1.165 


0.197 


0.397 


0.616 


0.749 


0.288 


0.772 


1.435 




10.0 


0.593 


1.182 


0.202 


0.414 


0.639 


0.778 


0.295 


0.787 


1.460 




12.5 


0.604 


1.200 


0.207 


0.430 


0.662 


0.808 


0.301 


0.802 


1.485 




15.0 


0.613 


1.214 


0.211 


0.444 


0.682 


0.832 


0.307 


0.815 


1.505 



Broad-band colors and photometric properties of galaxy models 

Table A3. Template model for Sa galaxies 



Johnson 



Age [Gyr] 


Bol 


Bol-V 


U-V 


B-V 


V-R 


V-I 


V-J 


V-H 


V-K 


1.0 


-23.221 


-0.737 


0.530 


0.576 


0.649 


1.220 


1.809 


2.504 


2.683 


1.5 


-22.895 


-0.750 


0.594 


0.605 


0.671 


1.253 


1.850 


2.548 


2.730 


2.0 


-22.678 


-0.760 


0.636 


0.625 


0.685 


1.275 


1.877 


2.578 


2.761 


3.0 


-22.365 


-0.776 


0.695 


0.653 


0.706 


1.307 


1.917 


2.620 


2.806 


4.0 


-22.140 


-0.788 


0.736 


0.674 


0.722 


1.330 


1.946 


2.651 


2.838 


5.0 


-21.972 


-0.798 


0.766 


0.689 


0.733 


1.348 


1.967 


2.674 


2.862 


6.0 


-21.835 


-0.806 


0.790 


0.701 


0.743 


1.362 


1.984 


2.693 


2.882 


8.0 


-21.620 


-0.820 


0.827 


0.720 


0.757 


1.384 


2.012 


2.723 


2.913 


10.0 


-21.452 


-0.831 


0.856 


0.735 


0.769 


1.402 


2.034 


2.746 


2.938 


12.5 


-21.288 


-0.841 


0.884 


0.750 


0.780 


1.419 


2.055 


2.769 


2.962 


15.0 


-21.153 


-0.850 


0.907 


0.762 


0.790 


1.433 


2.073 


2.788 


2.982 




Cousins 




. Gunn . 






Washinatnn 




Age [Gyr] 


V-Rc 


V-I c 


g-v 


g-r 


g-i 


C-M 


M-V 


M-Ti 


M-T 2 


1.0 


0.451 


0.954 


0.138 


0.194 


0.338 


0.365 


0.208 


0.588 


1.139 


1.5 


0.467 


0.979 


0.145 


0.219 


0.372 


0.402 


0.217 


0.610 


1.175 


2.0 


0.478 


0.996 


0.150 


0.235 


0.394 


0.427 


0.224 


0.624 


1.199 


3.0 


0.493 


1.021 


0.157 


0.259 


0.427 


0.462 


0.233 


0.646 


1.234 


4.0 


0.505 


1.038 


0.161 


0.276 


0.451 


0.486 


0.239 


0.661 


1.259 


5.0 


0.513 


1.052 


0.165 


0.289 


0.468 


0.503 


0.244 


0.672 


1.278 


6.0 


0.520 


1.062 


0.168 


0.299 


0.483 


0.518 


0.248 


0.682 


1.293 


8.0 


0.530 


1.080 


0.173 


0.315 


0.506 


0.541 


0.254 


0.696 


1.317 


10.0 


0.539 


1.093 


0.176 


0.328 


0.523 


0.558 


0.259 


0.708 


1.336 


12.5 


0.547 


1.106 


0.180 


0.341 


0.541 


0.575 


0.264 


0.719 


1.355 


15.0 


0.554 


1.117 


0.183 


0.351 


0.555 


0.588 


0.268 


0.728 


1.370 



Table A4. Template model for Sb galaxies 



Johnson 





;e [Gyr] 


Bol 


Bol-V 


U-V 


B-V 


V-R 


V-I 


V-J 


V-H 


V-K 




1.0 


-23.114 


-0.757 


0.467 


0.551 


0.635 


1.199 


1.784 


2.477 


2.655 




1.5 


-22.842 


-0.770 


0.501 


0.568 


0.649 


1.221 


1.810 


2.504 


2.683 




2.0 


-22.667 


-0.778 


0.521 


0.579 


0.658 


1.234 


1.826 


2.520 


2.700 




3.0 


-22.422 


-0.790 


0.546 


0.594 


0.671 


1.252 


1.848 


2.542 


2.722 




4.0 


-22.252 


-0.797 


0.562 


0.604 


0.679 


1.265 


1.863 


2.557 


2.737 




5.0 


-22.128 


-0.802 


0.573 


0.611 


0.686 


1.274 


1.874 


2.568 


2.749 




6.0 


-22.030 


-0.806 


0.583 


0.617 


0.691 


1.282 


1.883 


2.577 


2.758 




8.0 


-21.878 


-0.812 


0.597 


0.627 


0.699 


1.294 


1.897 


2.592 


2.772 




10.0 


-21.763 


-0.817 


0.609 


0.634 


0.706 


1.303 


1.908 


2.603 


2.784 




12.5 


-21.653 


-0.821 


0.621 


0.642 


0.713 


1.313 


1.920 


2.615 


2.796 




15.0 


-21.565 


-0.824 


0.632 


0.649 


0.718 


1.321 


1.929 


2.624 


2.806 






Cousins 




. Gunn . 






Wnshinatnn 




A{ 


»e [Gyr] 


V-R c 


V-I c 


g-v 


g-r 


g-i 


C-M 


M-V 


M-Ti 


M-T 2 




1.0 


0.441 


0.937 


0.133 


0.178 


0.316 


0.328 


0.201 


0.573 


1.116 




1.5 


0.451 


0.953 


0.138 


0.194 


0.338 


0.347 


0.207 


0.587 


1.139 




2.0 


0.458 


0.963 


0.141 


0.204 


0.351 


0.359 


0.211 


0.596 


1.154 




3.0 


0.467 


0.977 


0.144 


0.217 


0.370 


0.373 


0.216 


0.608 


1.174 




4.0 


0.473 


0.986 


0.147 


0.227 


0.383 


0.382 


0.220 


0.616 


1.188 




5.0 


0.478 


0.993 


0.149 


0.234 


0.393 


0.388 


0.222 


0.622 


1.198 




6.0 


0.481 


0.999 


0.151 


0.239 


0.401 


0.394 


0.224 


0.627 


1.206 




8.0 


0.487 


1.008 


0.153 


0.248 


0.413 


0.402 


0.228 


0.635 


1.219 




10.0 


0.492 


1.015 


0.155 


0.256 


0.423 


0.409 


0.231 


0.642 


1.230 




12.5 


0.497 


1.022 


0.157 


0.263 


0.433 


0.417 


0.233 


0.648 


1.240 




15.0 


0.501 


1.029 


0.159 


0.269 


0.442 


0.423 


0.236 


0.653 


1.249 
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Table A5. Template model for Sc galaxies 



Johnson 



Age [Gyr] 


Bol 


Bol-V 


U-V 


B-V 


V-R 


V-I 


V-J 


V-H 


V-K 


1.0 


-22.799 


-0.770 


0.453 


0.546 


0.633 


1.199 


1.786 


2.480 


2.659 


1.5 


-22.594 


-0.788 


0.449 


0.547 


0.638 


1.204 


1.791 


2.484 


2.662 


2.0 


-22.478 


-0.798 


0.441 


0.546 


0.639 


1.205 


1.790 


2.481 


2.658 


3.0 


-22.341 


-0.808 


0.425 


0.543 


0.639 


1.203 


1.786 


2.473 


2.648 


4.0 


-22.264 


-0.812 


0.416 


0.541 


0.639 


1.201 


1.782 


2.466 


2.639 


5.0 


-22.218 


-0.813 


0.411 


0.540 


0.639 


1.200 


1.779 


2.461 


2.633 


6.0 


-22.187 


-0.813 


0.409 


0.540 


0.639 


1.200 


1.778 


2.458 


2.629 


8.0 


-22.149 


-0.813 


0.410 


0.542 


0.641 


1.202 


1.778 


2.456 


2.626 


10.0 


-22.128 


-0.812 


0.415 


0.546 


0.644 


1.205 


1.781 


2.457 


2.626 


12.5 


-22.115 


-0.811 


0.422 


0.550 


0.648 


1.209 


1.785 


2.460 


2.628 


15.0 


-22.108 


-0.810 


0.430 


0.555 


0.651 


1.214 


1.791 


2.465 


2.633 




Cousins 




. Gunn . 






Wflshinaton 




Age [Gyr] 


V-Rc 


V-I c 


g-v 


g-r 


g-i 


C-M 


M-V 


M-Ti 


M-T 2 


1.0 


0.440 


0.936 


0.132 


0.176 


0.314 


0.321 


0.200 


0.570 


1.114 


1.5 


0.443 


0.940 


0.133 


0.180 


0.320 


0.317 


0.201 


0.574 


1.120 


2.0 


0.443 


0.940 


0.134 


0.181 


0.321 


0.311 


0.202 


0.574 


1.121 


3.0 


0.443 


0.938 


0.134 


0.180 


0.320 


0.300 


0.201 


0.574 


1.120 


4.0 


0.443 


0.936 


0.134 


0.180 


0.319 


0.294 


0.201 


0.573 


1.119 


5.0 


0.443 


0.935 


0.134 


0.180 


0.319 


0.290 


0.201 


0.573 


1.119 


6.0 


0.443 


0.935 


0.134 


0.181 


0.319 


0.288 


0.202 


0.574 


1.119 


8.0 


0.445 


0.936 


0.135 


0.183 


0.322 


0.288 


0.203 


0.576 


1.122 


10.0 


0.446 


0.938 


0.136 


0.186 


0.326 


0.290 


0.204 


0.579 


1.126 


12.5 


0.449 


0.942 


0.137 


0.190 


0.331 


0.294 


0.205 


0.582 


1.132 


15.0 


0.452 


0.946 


0.138 


0.194 


0.336 


0.299 


0.207 


0.586 


1.138 



Table A6. Template model for Sd galaxies 



Johnson 





;e [Gyr] 


Bol 


Bol-V 


U-V 


B-V 


V-R 


V-I 


V-J 


V-H 


V-K 




1.0 


-22.117 


-0.796 


0.362 


0.508 


0.610 


1.163 


1.739 


2.428 


2.603 




1.5 


-22.050 


-0.818 


0.314 


0.489 


0.600 


1.144 


1.713 


2.395 


2.566 




2.0 


-22.049 


-0.826 


0.283 


0.476 


0.591 


1.129 


1.692 


2.368 


2.536 




3.0 


-22.105 


-0.829 


0.252 


0.463 


0.582 


1.110 


1.665 


2.332 


2.496 




4.0 


-22.180 


-0.827 


0.242 


0.459 


0.578 


1.103 


1.652 


2.315 


2.475 




5.0 


-22.252 


-0.823 


0.242 


0.459 


0.578 


1.101 


1.648 


2.308 


2.466 




6.0 


-22.319 


-0.820 


0.246 


0.462 


0.579 


1.102 


1.648 


2.306 


2.463 




8.0 


-22.436 


-0.814 


0.259 


0.468 


0.584 


1.107 


1.653 


2.309 


2.465 




10.0 


-22.536 


-0.810 


0.273 


0.476 


0.589 


1.115 


1.661 


2.317 


2.473 




12.5 


-22.640 


-0.806 


0.290 


0.485 


0.596 


1.124 


1.673 


2.329 


2.485 




15.0 


-22.728 


-0.804 


0.306 


0.493 


0.602 


1.134 


1.684 


2.341 


2.497 






Cousins 




. Gunn . 






Washinaton 




A{ 


»e [Gyr] 


V-R c 


V-I c 


g-v 


g-r 


g-i 


C-M 


M-V 


M-Ti 


M-T 2 




1.0 


0.422 


0.908 


0.124 


0.149 


0.277 


0.266 


0.189 


0.546 


1.074 




1.5 


0.414 


0.892 


0.121 


0.137 


0.259 


0.235 


0.184 


0.534 


1.056 




2.0 


0.408 


0.880 


0.119 


0.127 


0.245 


0.213 


0.181 


0.526 


1.041 




3.0 


0.401 


0.866 


0.116 


0.116 


0.229 


0.193 


0.177 


0.517 


1.024 




4.0 


0.399 


0.860 


0.115 


0.113 


0.223 


0.186 


0.176 


0.514 


1.018 




5.0 


0.399 


0.859 


0.115 


0.113 


0.222 


0.185 


0.177 


0.514 


1.017 




6.0 


0.399 


0.859 


0.116 


0.114 


0.224 


0.187 


0.177 


0.515 


1.019 




8.0 


0.403 


0.864 


0.117 


0.119 


0.231 


0.194 


0.179 


0.520 


1.027 




10.0 


0.407 


0.870 


0.119 


0.125 


0.239 


0.202 


0.182 


0.525 


1.035 




12.5 


0.412 


0.877 


0.121 


0.133 


0.249 


0.212 


0.185 


0.532 


1.046 




15.0 


0.416 


0.884 


0.123 


0.140 


0.259 


0.222 


0.188 


0.538 


1.057 



Broad-band colors and photometric properties of galaxy models 

Table A7. Template model for Im galaxies 



Johnson 



Age [Gyr] 


Bol 


Bol-V 


U-V 


B-V 


V-R 


V-I 


V-J 


V-H 


V-K 


1.0 


-20.298 


-0.929 


-0.074 


0.299 


0.450 


0.895 


1.379 


2.001 


2.134 


1.5 


-20.743 


-0.901 


-0.030 


0.321 


0.467 


0.920 


1.412 


2.036 


2.171 


2.0 


-21.043 


-0.883 


0.001 


0.337 


0.479 


0.939 


1.435 


2.062 


2.199 


3.0 


-21.481 


-0.861 


0.046 


0.360 


0.497 


0.967 


1.470 


2.101 


2.240 


4.0 


-21.800 


-0.847 


0.080 


0.377 


0.510 


0.988 


1.497 


2.131 


2.272 


5.0 


-22.040 


-0.838 


0.106 


0.390 


0.520 


1.004 


1.518 


2.153 


2.296 


6.0 


-22.236 


-0.832 


0.127 


0.401 


0.529 


1.018 


1.534 


2.172 


2.316 


8.0 


-22.547 


-0.822 


0.161 


0.419 


0.543 


1.039 


1.561 


2.202 


2.348 


10.0 


-22.791 


-0.816 


0.188 


0.432 


0.553 


1.056 


1.583 


2.226 


2.373 


12.5 


-23.030 


-0.811 


0.214 


0.446 


0.564 


1.073 


1.604 


2.249 


2.398 


15.0 


-23.229 


-0.807 


0.236 


0.457 


0.573 


1.087 


1.622 


2.269 


2.419 




Cousins 




. Gunn 






Washin 


gton 




Age [Gyr] 


V-Rc 


V-I c 


g-v 


g-r 


g-i 


C-M 


M-V 


M-Ti 


M-T 2 


1.0 


0.306 


0.702 


0.077 


-0.028 


0.022 


-0.012 


0.125 


0.390 


0.807 


1.5 


0.318 


0.722 


0.082 


-0.009 


0.048 


0.016 


0.132 


0.406 


0.834 


2.0 


0.327 


0.736 


0.086 


0.004 


0.067 


0.037 


0.137 


0.418 


0.854 


3.0 


0.340 


0.757 


0.092 


0.024 


0.095 


0.064 


0.145 


0.436 


0.883 


4.0 


0.350 


0.773 


0.096 


0.039 


0.116 


0.084 


0.150 


0.449 


0.906 


5.0 


0.357 


0.786 


0.099 


0.050 


0.132 


0.100 


0.154 


0.459 


0.922 


6.0 


0.363 


0.796 


0.101 


0.060 


0.145 


0.113 


0.158 


0.467 


0.936 


8.0 


0.373 


0.812 


0.106 


0.075 


0.166 


0.134 


0.163 


0.481 


0.959 


10.0 


0.381 


0.825 


0.109 


0.086 


0.183 


0.150 


0.168 


0.491 


0.976 


12.5 


0.389 


0.838 


0.112 


0.098 


0.200 


0.166 


0.172 


0.502 


0.994 


15.0 


0.395 


0.848 


0.115 


0.108 


0.213 


0.179 


0.176 


0.510 


1.009 



